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Abstract 
Coordination of stem and leaf hydraulic traits allows terrestrial plants to maintain safe water status 
under limited water supply. Tropical rainforests, one of the world’s most productive biomes, are 
vulnerable to drought and potentially threatened by increased aridity due to global climate change. 
However, the relationship of stem and leaf traits within the plant hydraulic continuum remains 
understudied, particularly in tropical species. We studied within-plant hydraulic coordination between 
stems and leaves in three tropical lowland rainforest tree species by analyses of hydraulic vulnerability 
(hydraulic methods and ultrasonic emission (UE) analysis), pressure-volume relations and in situ 
predawn and midday water potentials (Ψ). 
We found finely coordinated stem and leaf hydraulic features, with a strategy of sacrificing leaves in 
favour of stems. Fifty percent of hydraulic conductivity (P50) was lost at -2.1 to -3.1 MPa in stems and 
-1.7 to -2.2 MPa in leaves. UE analysis corresponded to hydraulic measurements. Safety margins (leaf 
P50 – stem P50) were very narrow at -0.4 to -1.4 MPa. Pressure-volume analysis and in situ Ψ indicated 
safe water status in stems but risk of hydraulic failure in leaves. Our study shows that stem and leaf 
hydraulics were finely tuned to avoid embolism formation in the xylem. 
 
Keywords: plant-water relations, hydraulic vulnerability, tropical rainforest, hydraulic coordination, 
safety margin, ultrasonic emissions 
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Introduction 
Terrestrial plants require adequate water transport capacity to maintain photosynthesis and growth. 
Transpiration in leaves induces negative water potential (Ψ), i.e. tension in the conducting elements of 
the xylem, which propagates through twigs, branches, stems, and roots, and enables passively driven 
water uptake (Tyree & Zimmermann 2002). Limited water supply can cause xylem tension to exceed 
critical thresholds, leading to the formation of embolism (cavitation), which blocks xylem water 
transport. Impairment in hydraulic conductance may result in reduced primary production, and even 
whole-plant mortality (Raven 2002, Hartmann et al. 2013). As a result, strategies to avoid and/or repair 
embolism in the xylem are critical to plant growth and survival (Johnson et al. 2012a).  
Stomatal regulation allows plants to limit the decrease of Ψ and avoid failure of the water transport 
system (Sperry & Pockman 1993, Sperry 2000), and stomatal closure was shown to correlate to leaf 
turgor loss and cavitation-inducing Ψ for stems and leaves (e.g. Salleo et al. 2001, Cochard et al. 2002, 
Brodribb et al. 2003, Martorell et al. 2014). Such within-plant hydraulic coordination in respect to leaf 
traits and hydraulic vulnerability thresholds enables plants to maintain Ψ within a safe range as 
conditions become less favourable (Sperry 2000, Brodribb et al. 2003, Sack & Holbrook 2006). 
Furthermore, the hydraulic vulnerability segmentation hypothesis (Zimmermann & Brown 1971, 
Tyree & Ewers 1991) predicts that more distal components such as leaves and small branches will 
protect stems by earlier loss of hydraulic conductivity under drought (e.g. due to xylem embolism, or 
changes in extraxylary pathways such as aquaporin deactivation or cell shrinkage; Kim & Steudle 
2007, Scoffoni et al. 2014). However, the majority of studies focus independently on either stem- (e.g. 
Maherali et al. 2004, Choat et al. 2012) or leaf hydraulic traits (e.g. Blackman et al. 2010, Scoffoni et 
al. 2012, Nardini & Luglio 2014). Thus, although hydraulic coordination and vulnerability 
segmentation of stems and leaves was hypothesised 30 years ago (Zimmermann 1983, Tyree & Ewers 
1991), relatively little is known about the relationship between leaf and stem parameters within the 
plant hydraulic continuum, particularly with reference to the relative vulnerability of stems and leaves 
to drought-induced dysfunction (e.g. Choat et al. 2005, Meinzer et al. 2008, Chen et al. 2009, Johnson 
et al. 2011). A
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Hydraulic coordination may be especially important to tropical rainforest trees. The increasing 
probability of more prolonged and severe drought stress associated with global climate change 
(Allison et al. 2011) poses a significant risk to tropical forests (Lewis 2006, Cook & Vizy 2007, 
Salazar et al. 2007, Phillips et al. 2009), and adaptation towards a more drought-resistant water 
transport system may be limited by long generation cycles (Aitken et al. 2008, Choat et al. 2012). 
Rainforest trees are known to exhibit small safety margins between minimum Ψ observed under 
natural conditions and Ψ at 50% loss of conductivity (Ψ50) in stems (Meinzer et al. 2009, Meinzer et 
al. 2008_ENREF_5, Choat et al. 2012), yet our knowledge of the effects of drought on rainforest tree 
species is still limited compared to data available for seasonally dry and arid environments (Choat et 
al. 2012). Closing this knowledge gap is especially important considering that tropical forests 
contribute an estimated 30 to 50% of global terrestrial net primary production (Grace et al. 2001, 
Prentice et al. 2001). 
From a methodological perspective, most assays of vulnerability to embolism have been based on 
measurements of loss in hydraulic conductivity with increasing xylem tension (Sperry et al. 1988, 
Cochard et al. 2013). These techniques provide direct measures of impairment by embolism but are 
destructive and often labour-intensive. Measurement of embolism by non-invasive imaging techniques 
is becoming more widespread but is not field portable (Choat et al. 2010, Brodersen et al. 2013). 
Embolism formation (cavitation) can be detected using ultrasonic emission (UE) sensors, as tension is 
released suddenly when water is replaced by air, resulting in acoustic vibrations (Milburn & Johnson 
1966, Tyree & Dixon 1983, Ritman & Milburn 1988; Mayr & Rosner 2011; Cochard et al. 2013; 
Ponomarenko et al. 2014). Monitoring of UE from plant xylem is thus a more automated and less 
destructive option for vulnerability analysis, offering qualitative information on embolism formation 
(e.g. Mayr & Rosner 2011, Johnson et al. 2012b, Wolkerstorfer et al. 2012). However, difficulties in 
signal interpretation (e.g. distinguishing conduit sizes or conductive and non-conductive signal 
sources) still limit the application of UE analysis in plant hydraulics. 
In the present study, the coordination of stem and leaf hydraulic properties was examined in three 
tropical lowland rainforest tree species. We analysed the vulnerability of stems and leaves to drought-
induced loss of conductivity using both hydraulic measurements and UE analysis, as well as pressure-
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volume relations and in situ predawn and midday Ψ. We hypothesised that stem- and leaf hydraulic 
parameters should be coordinated in these species such that stomatal regulation prevents hydraulic 
failure in stem and leaf xylem. Leaves were hypothesised to be equally or more vulnerable to drought-
induced hydraulic decline than stems, and safety margins (stem- vs. leaf hydraulic vulnerability within 
species) to be relatively narrow.  
 
Materials and Methods 
Study site, measurement period, and selected species 
Our study site was the Daintree Rainforest Observatory Research Facility (Cape Tribulation, 
Queensland, Australia; S 16.104°, E 145.449°), which operates a canopy crane in a tropical lowland 
rainforest at 40 m elevation. Mean air temperature was 24.8 °C in 2012, and 24.9 °C in the 30-year 
mean (1961–1990; Fig. 1). Mean temperatures were calculated from gridded data, by averaging daily 
minimum and maximum temperatures (Bureau of Meteorology 2013). The local weather station 
(Liddell 2013) recorded an actual mean air temperature of 25.6 °C in 2012 (based on daily 24-hour 
averages), but long-term data is not available. Total annual precipitation at the nearest weather station, 
Cape Tribulation Store, was 3609 mm in 2012, and 4141 mm in the 30-year average (1961–1990; 
Bureau of Meteorology 2013), where > 70% of the annual rain typically falls in the wet season 
(December to April; Fig. 1). Total rainfall in November 2012 was only 11 mm (30-year average: 177.4 
± 35.1 mm), but in situ Ψleaf showed that trees were still well-hydrated and did not experience drought 
stress. All measurements were carried out in December 2012. 
Three native, co-occurring and abundant evergreen tree species from different families were chosen 
for our study: Elaeocarpus grandis (syn. E. angustifolius, Elaeocarpaceae) is a fast-growing, early 
successional species with relatively sturdy lanceolate leaves, which regenerates in available gaps and 
also persists in the canopy of mature phase forests (Rosetto et al. 2004, Hyland et al. 2010). The 
species typically occurs along the banks of creeks in subtropical rainforests, but is less habitat-specific 
in more humid environments (Boland et al. 2006). Syzygium sayeri (Myrtaceae) is an intermediate to 
late successional species with rigid ovoid leaves, which is frequently found along, but not restricted to, 
creeks and watercourses (White et al. 2004, Hyland et al. 2010). Dysoxylum papuanum (Meliaceae) is 
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another species typical of intermediate to late succession stages (White et al. 2004), with relatively 
weak, thin compound leaves known to grow on a variety of sites within well-developed rainforest 
(Hyland et al. 2010).  
 
Sample collection for in situ water potential determination 
Two fully developed undamaged leaves (E. grandis, S. sayeri) or leaflets on different leaves (D. 
papuanum) were excised from each of three trees per species in the canopy at approx. 20 to 30 m 
height, between 04:00 and 05:30 a.m. within a two day period (sunrise: 05:37). Leaves were 
immediately sealed in individual plastic bags and placed in a cool box until Ψleaf measurements in the 
lab. Two more leaves or leaflets per tree were enclosed in plastic wrap and aluminium foil in the 
morning. These leaves were collected between 11:30 and 13:00 on the same day for midday Ψstem 
determination. Midday Ψleaf was measured on two additional, unwrapped leaves from fully sun-
exposed branches.  
 
Sample collection for hydraulic and acoustic analyses 
Branches of 1 to 2 m length were sampled from the rainforest canopy at approx. 20 to 30 m height 
before sunrise, immediately re-trimmed (approx. 10 cm) under water and covered with dark plastic 
bags. After transport to the laboratory (10 min., cut ends remained under water), they were re-cut (5 to 
10 cm) and rehydrated at ambient temperature (approx. 25 to 30 °C) for at least 4 h. Only one branch 
per tree was used for each method, with sample sizes of three (pressure volume- and ultrasonic 
emission analysis) or six to eight trees (stem and leaf hydraulic vulnerability analysis), respectively.  
 
Water potential determination 
Water potential was measured as described in Scholander et al. (1965), using a pressure chamber 
(Model 1505D, PMS Instrument Co., USA). When necessary, the lamina of sampled leaves was 
partially incised along the middle leaf vein for easier sealing into the system. One to two Ψ 
measurements were averaged per tree and dataset (predawn Ψleaf, midday Ψstem, and midday Ψleaf) for A
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in situ determination, and two measurements were averaged per sampled branch and desiccation step 
in the vulnerability and pressure-volume analyses.  
 
Pressure-volume analysis 
Leaf turgor dynamics and parameters of bulk tissue water relations were determined via pressure-
volume analysis (Tyree & Hammel 1972, Sack et al. 2011), using one leaf each from three trees per 
species. Sample leaves were excised from rehydrated branches under water and dehydrated slowly on 
the bench-top. Ψleaf and leaf mass (weighed to 0.001 g) were measured at intervals. Leaf areas were 
measured using a digital camera and ImageJ (Ver. 1.46; Schneider et al. 2012). Leaf dry masses were 
determined after desiccation in a drying oven for at least 48 h at 80 °C. The turgor loss point (TLP) 
was estimated as the point of transition between curvilinear and linear portions of the graph of 1/Ψleaf 
vs. the relative water content (RWC). Osmotic potential at full turgor was calculated from the 
intersection between the extended linear portion of the same graph and the y-axis (Kirkham 2004). The 
bulk modulus of elasticity was defined as the slope of RWC vs. pressure potential at and above TLP. 
Bulk leaf capacitance (adjusted for the mass of water per leaf area) was determined from the slopes of 
the pressure-volume relationship between full turgor and TLP, and separately, below TLP (Brodribb & 
Holbrook 2003):  
 C = ΔRWC/ΔΨleaf · (DM/LA) · (WM/DM)/M  (1) 
where RWC is the leaf relative water content (%), DM is the leaf dry mass (g), LA is the leaf area 
(m
2
), WM (g) is the mass of leaf water at 100% RWC (WM = fresh mass - dry mass), and M is the 
molar mass of water (g mol
-1
).  
 
Stem hydraulic vulnerability 
Hydraulic vulnerability of stem xylem to drought-induced embolism was analysed using the bench-top 
dehydration method described by Sperry et al. (1988). Briefly, conductivity measurements were made 
before and after removal of embolism, at increasingly negative levels of Ψstem during bench-top 
desiccation of branches. Prior to conductivity measurements, branches were equilibrated for at least 30 
min in dark plastic bags, and their Ψstem was determined using two neighbouring leaves or branchlets. 
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Two to five distal branchlets were taken from each large branch harvested for hydraulic measurements. 
Sample branchlets were cut off and sequentially retrimmed to 5 to 10 cm length under water, in order 
to relieve xylem tension and avoid the cutting artefact (Wheeler et al. 2013). Flow rates were measured 
with a liquid mass flow meter (LiquiFlow L13-AAD-11-K-10S, Bronkhorst High-Tech B.V., 
Netherlands) using a filtered (0.22 µm) solution of distilled water with 2 mmol KCl. The relative 
difference in flow (PLC, percent loss of conductivity) before and after repeated flushing at high 
pressure was plotted against Ψstem to create stem hydraulic vulnerability curves. 
 
Leaf hydraulic vulnerability 
Leaf hydraulic conductance was measured on non-light-acclimated leaves using a modified, non-
steady-state leaf rehydration technique (Brodribb & Cochard 2009) and bench-top dehydration. 
Sample branches were dried for up to 96 h under ambient conditions without direct sunlight or, for 
later stages of dehydration, in a room at 20 to 25 °C under laboratory lighting. Flow rates for 41 to 46 
leaves per species were determined via timed output of a digital balance (CPA225D, Sartorius, 
Germany) with computer interface, recording the initial decline in mass of a small water container 
connected via hydraulic tubing to the leaf petiole.  
Prior to measurement, Ψ was determined from two neighbouring leaves on the same branchlet of an 
equilibrated (bagged for ≥ 30 min.) branch. Branchlets were used for measurement only if the 
difference in Ψ was ≤ 10%. A sample leaf was excised under water, immediately connected with the 
petiole to the hydraulic measurement system and placed under moist paper towel to prevent 
transpiration. The initial flow rate of filtered (0.22 µm) distilled water was recorded at an interval of 1 
s, averaged over the first 5 s, and adjusted for leaf area and water viscosity. PLC was calculated as  
 PLC = 100 – kleaf / kleaf max ·100 (2) 
where kleaf is the adjusted leaf hydraulic conductance, and kleaf max is the maximum kleaf measured for 
each species. No cutting effect (Wheeler et al. 2013) was expected for leaves excised under water 
(Scoffoni & Sack 2014). Leaf hydraulic vulnerability curves were created by plotting PLC vs. Ψ.  
 
Curve-fitting for hydraulic vulnerability analysis 
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The Weibull function as reparameterized by Ogle et al. (2009) was fitted to vulnerability curves:  
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where k is the expected hydraulic conductivity at X% loss of conductivity, ksat is the saturated 
hydraulic conductivity (i.e. k at 0 MPa), P is the positive-valued xylem water potential (P = -Ψ), Px is 
the Ψ at X% loss of conductivity, and Sx is the slope of the vulnerability curve at P = Px. P12, P50, and 
P88 were defined as Ψ at 12, 50, and 88% loss of conductivity, respectively. We fit Eq. 3 using non-
linear least squares (function nls in R 3.0.1, R Core Team 2013). We used a bootstrap resampling 
technique to arrive at confidence intervals for the fitted parameters, by fitting the curve to resampled 
data (999 replicates). The fitting routines were implemented as an R package (fitplc, available from 
Duursma 2014). 
 
Ultrasonic emission analysis 
Ultrasonic emissions (UE) of stems and leaves were recorded during dehydration of two to three 
water-saturated branches per species in a temperature controlled room (20 to 25 °C, no direct 
sunlight). For each branch, one 150 kHz pre-amplified resonance sensor (PK15I, Physical Acoustics 
Corporation, Germany) was clamped to a small region of exposed xylem of the main branch axis 
where the cortex had been removed. Another sensor was placed on the upper side of a fully expanded 
leaf’s midrib (proximal third of leaf, loaded with a small weight of approx. 100 g for stability and 
acoustic coupling) in close proximity to the branch xylem sensor. Silicone lubricant was used to 
improve acoustic coupling and prevent transpirational losses at the prepared areas. Peak definition 
time, hit definition time, and hit lockout time were 200, 400, and 2 µs, respectively. Signals of 35 db 
or greater amplitude were recorded using AEWin
TM
 for USB (Ver. E3.35, Physical Acoustics A
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Corporation, Germany) for at least 70 h, which was long enough to reach 100% loss of hydraulic 
conductivity. Ψstem and Ψleaf were measured periodically. Plots of relative cumulative UE and 
corresponding Ψ vs. time (Fig. 3) enabled to estimate the Ψ at the onset of hydraulic decline, although 
UE continued beyond total loss of hydraulic conductivity. Furthermore, time-dependent rates of stem 
UE per minute (15 minute bins) were calculated and related to the maximum rate per stem. The 
corresponding Ψ at maximum UE rate was calculated by linear interpolation (Fig. 4).  
 
Statistical analysis 
Data for vulnerability curves were pooled per species and organ (stem/leaf) prior to curve-fitting, and 
statistically tested for differences using bootstrapped confidence intervals (CI, n = 999 bootstrap 
estimates). Other results were successfully tested for homoscedasticity (Levene test), and further 
analyzed using pairwise, Bonferroni-corrected Student’s t-tests. All tests were performed at a 
probability level of P < 0.05 using R (Ver. 3.0.1, R Core Team 2013). Values are given as mean ± 
standard error (SE) or mean (lower CI, upper CI), respectively. SE was not computed when n < 3. 
 
Results 
In situ water potentials 
Predawn Ψstem and Ψleaf were between -0.3 and -0.5 MPa in all species (Tab. 1). By midday, Ψleaf 
declined to minima of -1.2 to -1.6 MPa, whereas Ψstem remained between -0.7 and -1.0 MPa. No 
significant differences were found between species. Elaeocarpus grandis had both the least negative 
predawn Ψ (-0.3 MPa), as well as the greatest difference between midday Ψleaf and Ψstem (ΔΨ = 0.79 
MPa). 
 
Leaf turgor dynamics and leaf hydraulic conductance 
Turgor was lost at Ψleaf (TLP) of -2.1 ± 0.1 MPa in Dysoxylum papuanum, -2.2 ± 0.3 MPa in E. 
grandis, and -1.9 ± 0.1 MPa in Syzygium sayeri (Tab. 1), respectively. The osmotic potential at full 
water saturation ranged between -1.5 ± 0.2 MPa (S. sayeri) and -1.9 ± 0.1 MPa (D. papuanum). 
Absolute capacitance was between 223 ± 9 and 343 ± 48 mmol m
-2
 MPa
-1
 at full turgor (CFT), and 
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between 597 ± 88 and 1420 ± 151 mmol m
-2
 MPa
-1
 after turgor loss (CTLP). Only CTLP showed 
significant differences across species (Tab. 1). 
The maximum whole-leaf hydraulic conductance observed for each species was 3.5 mmol m
-2
 s
-1
 MPa
-
1
 (D. papuanum), 20.2 mmol m
-2
 s
-1
 MPa
-1
 (E. grandis) and 3.1 mmol m
-2
 s
-1
 MPa
-1
 (S. sayeri), 
respectively (Tab. 1). 
 
Hydraulic vulnerability 
All three species had high (less negative) hydraulic vulnerability thresholds as could be expected for 
plants growing in this tropical high rainfall environment. S. sayeri was the most vulnerable species, 
with 50% loss of conductivity (P50) occurring at -2.1 MPa in stems and -1.7 MPa in leaves. D. 
papuanum had stem and leaf P50 of -2.6 MPa and -2.2 MPa, respectively. In E. grandis, the P50 of 
stems (-3.1 MPa) was 1.4 MPa more negative than the P50 of leaves (-1.7 MPa). Safety margins (leaf 
P50 - stem P50) were between 0.4 and 1.0 MPa (Tab. 2, Fig. 2). Induction of embolism in stems 
occurred at Ψ 0.4 to 1.2 MPa more negative compared to leaves, with stem and leaf P12 (12% loss of 
conductivity) of -1.2 and -0.7 MPa (D. papuanum), respectively, as well as -1.9 and -0.66 MPa (E. 
grandis), and -1.2 and -0.5 MPa (S. sayeri) (Fig. 2). Statistically significant differences (P < 0.05) 
were found between stem and leaf hydraulic parameters in E. grandis (P12, P50) and S. sayeri (P88). 
 
Ultrasonic emission analysis 
Due to varying dehydration dynamics, Figs 3 and 4 showcase individual curves, whereas further data 
are presented in Figs S1 to S3. Curves of cumulative ultrasonic emissions (UE) in stems started to rise 
near the hydraulically measured P12 in E. grandis and S. sayeri and reached their steepest slope near 
the hydraulic P50 (Figs 3, S2, S3). In D. papuanum, the hydraulic P12 coincided with the first recorded 
UE, but a rise was not visible in the cumulative curves since 95 to 99% of signals were observed after 
branches had reached their P50 (Figs 3, S1).  
In all species, UE continued beyond complete loss of hydraulic conductivity as measured with 
hydraulic techniques, sometimes reaching another steep increase at Ψ below P88. No end point for 
quantitative analysis could be determined from the cumulative curves or from acoustic parameters 
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such as signal amplitude or absolute energy. Leaf UE started close to the species’ leaf P12 and midday 
Ψleaf (Figs 3, S1 to S3). In all leaves, the vast majority of UE was observed at Ψ below leaf P50, and UE 
only reached a final plateau in D. papuanum.  
Time-dependent maximum emission rates were 63.2 ± 29.8 hits per minute for all stems and 2.4 ± 0.6 
hits per minute for all leaves. UE rate maxima in stems were reached at approx. -2.8 MPa (D. 
papuanum), -2.3 MPa (E. grandis), and -2.3 MPa (S. sayeri; Tab. 2, Fig. 4). Leaf UE rates peaked at 
Ψleaf between -1.1 and -5.4 MPa (Fig. 4), but were generally very low (< seven hits per minute; Figs S1 
to S3) and thus time-dependent leaf UE rates could not be used for analysis. During the dehydration 
process, Ψstem and Ψleaf within branches were first equilibrated at approx. -2.8 (D. papuanum), -2.0 (E. 
grandis), and -2.1 MPa (S. sayeri).  
 
Discussion 
Stem and leaf hydraulic traits were finely coordinated in the studied species. Under the well hydrated 
conditions observed in this study, all three tree species maintained daily midday water potentials (Ψ) at 
or above their thresholds for the onset of hydraulic decline (P12) in stems, and at or above the point of 
50% loss of hydraulic conductivity (P50) in leaves. The turgor loss point of leaves indicated that 
stomata would close at or below Ψ inducing significant conductivity losses (P50) in leaves, but before 
reaching P50 in stems, thus protecting stems from embolism formation. Vulnerability analysis revealed 
narrow safety margins between the vulnerability of stems and leaves (leaf P50 - stem P50) and a strategy 
of sacrificing leaves in favour of stems if water potentials declined as a result of drought stress. 
The hydraulic vulnerability of branches and stems in woody species has been widely studied with P50 
values ranging between -14.1 and -0.2 MPa across all biomes (Maherali et al. 2004, Choat et al. 2012). 
Tropical rainforest species represent the most hydraulically vulnerable group, with a mean P50 of -1.8 
± 0.2 MPa (n = 75; Choat et al. 2012). Our study species are within the expected range of hydraulic 
vulnerability for tropical rainforest trees (Tab. 2), and add to the limited pool of data for this biome. A 
literature survey on leaf hydraulic vulnerability revealed a mean leaf P50 of -1.8 ± 0.1 MPa across 93 
angiosperm tree species, with individual species values ranging from -4.3 to -0.1 MPa (suppl. Tab. 1). 
In contrast, gymnosperms were found to be more resistant to drought (e.g. Brodribb et al. 2014) with a 
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mean leaf P50 of -3.2 ± 0.2 MPa across 65 species (range: -7.5 to -0.8 MPa; suppl. Tab. 1). In tropical 
biomes, leaf P50 was between -0.8 and -2.9 MPa. Leaves analysed in this study were less vulnerable 
than the compiled average for tropical angiosperms (mean P50 of -2.9 ± 0.1 MPa), but P50 were also 
within the recorded range. Since leaf-hydraulic measurements were based on non-light-acclimated 
leaves, extraxylary factors such as aquaporins may contribute to a higher leaf hydraulic vulnerability in 
situ (Guyot et al. 2012). While all three species were hydraulically very vulnerable, S. sayeri was the 
most vulnerable species as demonstrated by its hydraulic vulnerability, least negative midday Ψ, and 
least negative ΨTLP.  
 
Daily minimum water potential and embolism avoidance  
Midday Ψstem under well-watered conditions remained above the stem P12 in all study species (Tab. 1). 
This is in accordance with previous findings for tropical and temperate trees under non-drought 
conditions (e.g. Choat et al. 2006, Meinzer et al. 2009, Johnson et al. 2011). In contrast, midday Ψleaf 
were 0.5 to 0.9 MPa more negative than the threshold for reductions in whole-leaf conductance (P12; 
Tabs 1 and 2), but remained at or above leaf P50 in all species. Leaf turgor was lost at Ψ (TLP) within 
0.5 MPa of leaf P50 in all species (Tabs 1 and 2), indicating that leaves faced losses of kleaf of up to 
50% before stomata close (Brodribb et al. 2003, Martorell et al. 2014_ENREF_2). _ENREF_5Thus, 
all species maintained a safe water status in stems while risking hydraulic failure in leaves under the 
well-hydrated conditions observed during this study. 
 
Coordination of stem and leaf hydraulic vulnerability 
Our study showed a high degree of coordination between stem and leaf hydraulic features. In all three 
species, leaves were more vulnerable to loss of hydraulic conductance than stems, with stem hydraulic 
parameters (P12, P50) being 0.4 to 1.4 MPa more negative than respective leaf parameters. 
Midday Ψleaf was predicted to cause a 33 to 49% midday decline in whole-leaf conductance, which is 
in agreement with previous studies (Bucci et al. 2003, Brodribb & Holbrook 2004, Bucci et al. 
2012_ENREF_2) and may serve to protect stems from embolism formation by reducing further water 
loss (Brodribb & Holbrook 2003, Zhang et al. 2009).  
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Comparing safety margins between leaves and stems (leaf P50 - stem P50), values between -0.1 MPa 
(leaves minimally less vulnerable than stems) and +2.4 MPa (leaves much more vulnerable than 
stems) are reported in the literature for 26 angiosperm species from temperate (Hacke & Sauter 1996, 
Cochard et al. 2002, Johnson et al. 2011) and tropical biomes (Brodribb & Holbrook 2003, Brodribb et 
al. 2003, Bucci et al. 2008, Hao et al. 2008, Chen et al. 2009, Chen et al. 2010). The overall mean 
safety margin across these 26 species was 0.9 ± 0.2 MPa, with very narrow safety margins of 0.5 MPa 
or less in 3 temperate and 8 tropical species. In contrast, Bucci et al. (2013) reported broader safety 
margins of 0.8 to 2.6 MPa for cold desert species. Our observed hydraulic safety margins were very 
narrow at 0.4 MPa in D. papuanum and S. sayeri, with a broader safety margin of 1.4 MPa in E. 
grandis (Tab. 2, Fig. 2). The higher hydraulic vulnerability of leaves is in accordance with the 
hydraulic vulnerability segmentation hypothesis (Zimmermann & Brown 1971, Tyree & Ewers 1991), 
which states that terminal components of the hydraulic system are more expendable, i.e. leaves that are 
more prone to hydraulic failure may serve to protect more proximal and more “expensive” stems from 
embolism. It is also possible that declines in Kleaf associated with extra-xylary components of the 
pathway (e.g. aquaporins) may have occurred at higher water potentials but were not detected by our 
measurements (Guyot et al. 2012). If this were the case then these transient declines in Kleaf would 
provide greater safety margins between leaf and stem.   
 
Ultrasonic emissions 
Ultrasonic emission (UE) data supported hydraulic vulnerability analysis, as hydraulically measured 
stem P12 corresponded to an initial rise in the cumulative curves in two species, and to the first 
occurrence of UE in the third (Fig. 3). In two species, high acoustic activity in stems, i.e. a steep rise in 
cumulative signals, was observed near their hydraulic P50. Leaf UE started near hydraulic P12 and 
midday Ψleaf, which is in accordance with previous studies (Hacke & Sauter 1996, Kikuta et al. 1997, 
Nardini & Salleo 2003). The alignment of UE and hydraulic P12 adds weight to the observation that 
plants operate close to their hydraulic limits on the level of leaves (e.g. Hacke & Sauter 1996; current 
study) and stems (Choat et al. 2012). A
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In contrast to UE counts, the Ψstem at maximum rate of stem UE signals corresponded well with 
hydraulic P50 in D. papuanum and S. sayeri, and coincided with the point at which the Ψ of stems and 
leaves was equilibrated in all species (Tab. 2, Fig. 4). Furthermore, we observed a first small UE rate 
peak at or just above midday Ψstem, where a short rise to 5 to 25% of maximum rate was followed by a 
subsequent decline in signals (Fig. 4), indicating again that hydraulic coordination was fine-tuned 
towards avoiding significant embolism formation in stems. Use of stem UE rates thus may be 
considered as an alternative to cumulative UE counts for analysis of ultrasonic data.  
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Conclusion 
Our results illustrate that even in tropical rainforests, trees operate at water potentials close to those 
causing the induction of embolism in stems and loss of hydraulic conductance in leaves. The three 
studied species maintained water potentials at levels that avoided embolism formation in the stem 
xylem. Leaf hydraulic conductance was predicted to decline at midday during peak periods of 
transpiration. Hydraulic characteristics of stems and leaves were finely tuned: hydraulic coordination 
was apparent within leaves (leaf P12, midday Ψleaf, TLP), within stems (stem P12, midday Ψstem), and 
between leaves and stems (stem and leaf P12, P50, and P88). Balanced plant-water relations would 
enable the studied species to optimise photosynthesis and growth within a hydraulically safe range 
under sufficient water supply. When water supply becomes limited, within-plant coordination is 
predicted to reduce further water loss (midday Ψstem, midday Ψleaf) and limit the extent of hydraulic 
damage by sacrificing leaves in favour of stems.  
The observed, very narrow safety margins provide further evidence that species from wet tropical 
forests would be at risk of mortality if the predicted aridification associated with climate change occurs 
in this biome. A more complete dataset of tropical rainforest hydraulics will be essential for a better 
understanding of the impact of global climate change on this important, productive ecosystem.  
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Tables and table legends 
Tab. 1: In situ water potentials (predawn, midday leaf, midday stem; MPa), maximum leaf hydraulic 
conductance (kleaf max; mmol m
-2
 s
-1
 MPa
-1
), and pressure-volume curve parameters (turgor loss point 
(ΨTLP; MPa), osmotic potential at full water saturation (П0; MPa), absolute capacitance at full turgor 
(CFT; mmol m
-2
 MPa
-1
) and absolute capacitance below turgor loss point (CTLP; mmol m
-2
 MPa
-1
)). n = 
3. In each row, different superscript letters indicate significant differences (P < 0.05) across species. 
Mean ± standard error. 
 D. papuanum E. grandis S. sayeri 
Predawn Ψleaf -0.50 ± 0.07
a -0.29 ± 0.06a -0.34 ± 0.10a
 
Midday Ψleaf -1.56 ± 0.28
a -1.62 ± 0.31a -1.23 ± 0.50a 
Midday Ψstem -1.01 ± 0.07
a -0.83 ± 0.08a -0.75 ± 0.26a 
    
kleaf max 3.53 20.19 3.13 
    
ΨTLP -2.12 ± 0.11
a -2.16 ± 0.26a -1.86 ± 0.14a 
П 0 -1.85 ± 0.06
a -1.76 ± 0.17a -1.50 ± 0.19a 
CFT 230.7 ± 11.1
a 223.3 ± 8.8a 342.8 ± 48.3a 
CTLP 1419 ± 150.7
a 597.3 ± 88.2b 1192.2 ± 150.4ab 
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Tab. 2: Hydraulic vulnerability of stems and leaves. Water potential (Ψ; MPa) at 12 (P12), 50 (P50) and 
88% (P88) loss of conductivity and hydraulic safety margins (leaf P50 - stem P50; MPa), and Ψ at 
maximum rate of ultrasonic emissions in stems (PmaxUErate, MPa; n = 3 (D. papuanum), 3 (E. grandis), 2 
(S. sayeri)). In each row, different superscript letters indicate significant differences (P < 0.05) across 
species. Asterisks indicate significant differences between stems and leaves of one species (P < 0.05). 
Mean values and 95% confidence interval (in parentheses).  
 D. papuanum E. grandis S. sayeri 
Stem P12 
-1.18
a 
(-1.55, -0.77) 
-1.87
a 
(-2.68, -1.31) 
-1.15
a
  
(-1.51, -0.56) 
Stem P50 
-2.63
a 
(-2.97, -2.34) 
-3.06
a 
(-3.41, -2.63) 
-2.10
a 
(-2.47, -1.87) 
Stem P88 
-4.48
a 
(<-5.27, -3.71) 
-4.24
a 
(-4.94, -3.21) 
-3.13
a 
(<-3.30, -2.60) 
    
Leaf P12 
-0.74
a 
(-1.44, >-0.74) 
-0.66
a
* 
(-1.22, >-0.66) 
-0.48
a  
(-0.86, >-0.43) 
Leaf P50 
-2.24
a 
(-2.77, -1.73) 
-1.66
a
* 
(-2.06, -1.09) 
-1.72
a 
(-1.96, -1.40) 
Leaf P88 
-4.66
a  
(<-6.15, -3.77) 
-3.03
b 
(-3.48, -2.55) 
-4.01
a
* 
(<-5.25, -4.45) 
    
Safety margin  
(leaf P50 - stem P50) 
0.39 1.40 0.38 
    
Stem PmaxUErate -2.84 ± 0.64
a -2.25 ± 0.16b -2.31ab 
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Figure legends 
Fig. 1: Monthly temperature and precipitation at Cape Tribulation Store. Mean monthly temperature in 
2012 (red dashed line) and 30-year average (grey dashed line). Total monthly precipitation in 2012 
(blue solid line) and 30-year average (1961–1990; grey boxplot). Data: Bureau of Meteorology (2013). 
 
Fig. 2: Vulnerability curves (solid lines) of stems (a, c, and e; open symbols) and leaves (b, d, and f; 
closed symbols) in Dysoxylum papuanum (a and b; circles), Elaeocarpus grandis (c and d; triangles) 
and Syzygium sayeri (e and f; squares), measured using hydraulic techniques. Vertical lines indicate 
hydraulic P12, P50 and P88 (solid), in situ midday water potential (dashed) and turgor loss point (dotted). 
 
Fig. 3: Cumulative ultrasonic emissions (solid lines) and corresponding water potential (open circles, 
dashed lines) in stems (a, c, and e) and leaves (b, d, and f) of Dysoxylum papuanum (a and b), 
Elaeocarpus grandis (c and d) and Syzygium sayeri (e and f). Dashed vertical lines and arrows indicate 
the timing of in situ midday water potential (Ψmidday) and hydraulically measured vulnerability 
thresholds (P12, P50, and P88), respectively.  
 
Fig. 4: Progress of ultrasonic emission (UE) rates (% of maximum rate, solid lines) and water potential 
(open circles, dashed lines) in stems of Dysoxylum papuanum (a), Elaeocarpus grandis (b), and 
Syzygium sayeri (c) during the first 40 h of branch desiccation. Vertical lines indicate the maximum 
UE rate for each branch (solid) and in-situ midday stem water potential (dashed). Example curves 
obtained from individual branches. 
 
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
ll
l
l
l l
l l
l
l
l
l
l
l
J M M J S NF A J A O D
0
500
1000
1500
2000
2500
3000
M
on
th
ly 
ra
in
fa
ll 
(m
m)
Month
0
5
10
15
20
25
30
Te
m
pe
ra
tu
re
 (°
C)
A
cc
ep
te
d 
A
rti
cl
e
ll
l
l
l
ll
l
l
l
l
ll l
l
l
l l
ll
l
0
20
40
60
80
100
0
20
40
60
80
100
(a) D. papuanum, stem
ll
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
0
20
40
60
80
100
0
20
40
60
80
100
(b) D. papuanum, leaf
0
20
40
60
80
100
0
20
40
60
80
100
(c) E. grandis, stem
0
20
40
60
80
100
0
20
40
60
80
100
(d) E. grandis, leaf
0
20
40
60
80
100
0
20
40
60
80
100
(e) S. sayeri , stem
−6 −5 −4 −3 −2 −1 0
0
20
40
60
80
100
0
20
40
60
80
100
(f) S. sayeri , leaf
Lo
ss
 o
f c
on
du
ct
ivi
ty
 (%
)
Water potential (MPa)
A
cc
ep
te
d 
A
rti
cl
e
−10
−8
−6
−4
−2
0
0
20
40
60
80
100ll
l l l
l
l
l
P12P50
P88
(a) D. papuanum, stem
W
a
te
r p
ot
en
tia
l (M
Pa
)
R
el
at
ive
 c
u
m
u
la
tiv
e
 U
E 
(%
)
Time (h)
−10
−8
−6
−4
−2
0
0
20
40
60
80
100
0 20 40 60 80
l
l
l l l
l
l
l
P12P50
P88
(b) D. papuanum, leaf
W
a
te
r p
ot
en
tia
l (M
Pa
)
R
el
at
ive
 c
u
m
u
la
tiv
e
 U
E 
(%
)
−10
−8
−6
−4
−2
0
0
20
40
60
80
100lllllll ll l
l
l
l
l
P12
P50
P88
(c) E. grandis, stem
W
a
te
r p
ot
en
tia
l (M
Pa
)
R
el
at
ive
 c
u
m
u
la
tiv
e
 U
E 
(%
)
−10
−8
−6
−4
−2
0
0
20
40
60
80
100
0 20 40 60 80
lllllll ll l
l
P12P50
P88
(d) E. grandis, leaf
W
a
te
r p
ot
en
tia
l (M
Pa
)
R
el
at
ive
 c
u
m
u
la
tiv
e
 U
E 
(%
)
−10
−8
−6
−4
−2
0
0
20
40
60
80
100l
llll llll l l l l
l
l
P12
P50
P88
(e) S. sayeri , stem
W
a
te
r p
ot
en
tia
l (M
Pa
)
R
el
at
ive
 c
u
m
u
la
tiv
e
 U
E 
(%
)
−10
−8
−6
−4
−2
0
0
20
40
60
80
100
0 20 40 60 80 100 120
l
llll llll l l l l
l
l
P12
P50
P88
(f) S. sayeri , leaf
W
a
te
r p
ot
en
tia
l (M
Pa
)
R
el
at
ive
 c
u
m
u
la
tiv
e
 U
E 
(%
)
A
cc
ep
te
d 
A
rti
cl
e
−10
−8
−6
−4
−2
0 l
l
l l
l
l
(a) D. papuanum
0
20
40
60
80
100
W
a
te
r p
ot
en
tia
l (M
Pa
)
R
el
at
ive
 U
E 
ra
te
 (%
)
−10
−8
−6
−4
−2
0 l lllll l l l l
l
l
(b) E. grandis
0
20
40
60
80
100
Time (h)
−10
−8
−6
−4
−2
0 l
ll l l l l l l l l
(c) S. sayeri
0
20
40
60
80
100
0 10 20 30 40
A
cc
ep
te
d 
A
rti
cl
e
